Wide variation in the susceptibility of different individuals to the same poison has suggested the possibility that an apparently unrelated factor, such as diet, may modify the effect of a toxic substance. Individual susceptibility is illustrated by the occurrence of delayed chloroform poisoning. It is well known that chloroform administered to animals causes necrosis of the central portion of each hepatic lobule, and the severity of the lesion is roughly proportional to the quantity of chloroform which has been administered. Nevertheless, experiments in which chloroform has been administered to various animals during the course of other investigations have shown wide variation in the susceptibility of different individuals of the same species. Quantities which when given by mouth usually have little effect, occasionally produce death with multiple hemorrhage or jaundice, and at autopsy the liver shows widespread necrosis. The experiments which will be described furnish no comprehensive explanation of such individual susceptibility, but suggest that diet may have a profound influence upon the severity of intoxication and of disease?
Foster 2 has described experiments to determine if the toxicity of rlcin m a y be modified by diet. Three dogs kept upon a diet rich in protein died after the administration of I mg. of ricin per kilo, whereas two of three dogs upon a diet poorer in protein survived this dose. Foster does not believe that the diet caused the greater mortality of dogs which received protein in abundance, because these animals were given relatively larger doses of ricin.
An investigation of the effect of diet upon resistance to intoxication has been made by Hunt z who studied the behavior of acetonitril in mice and guinea pigs fed upon various substances. Certain diets, notably dextrose, oatmeal, liver, and kidney, greatly increase the resistance of mice to acetonitril. Hunt has previously found that thyroid fed to mice increases their resistance to acetonitril and suggests that increased resistance produced by diet may be due to the effect of diet upon the thyroid gland. Certain diets, notably eggs, milk, cheese, and various fats, greatly lower the resistance of mice to acetonitril. He refers increased susceptibility to increased disintegration of the acetonitril molecule with formation of hydrocyanic acid. Rats upon a diet of bread were slightly more susceptible to morphin than those fed upon oats.
The purpose of the present studies has been to determine if diet can influence the incidence or extent of a readily demonstrable lesion. Lesions of the liver have been produced by substances which have a peculiar affinity for the parenchymatous cells of the organ. Chloroform administered by inhalation, by mouth, or by subcutaneous injection causes necrosis of the hepatic ceils in the center of each lobule of the liver and may implicate four fifths of each hepatic lobule. Fatty degeneration may occur in the heart muscle, in the kidney, or in other organs, and necrosis of cells of the convoluted tubules of the kidney is observed (rats), but the substance exhibits a selective action destroying the hepatic cells and leaving other tissues by comparison little altered. Phosphorus has been selected as another example of substances which exhibit an affinity for the liver; it produces fatty degeneration which is more advanced in the liver than in other organs. Human pathology suggests that alcohol under certain conditions may have a similar selective action, but experimental studies do not furnish convincing evidence that alcohol causes a distinctive lesion of the liver.
The experiments which will be described have dealt with substances which act as hepatic poisons. In a second group of experiments substances which exhibit a selective destructive action upon the kidney have been used. Both potassium chromate and uranium nitrate cause necrosis of the cells of the renal tubules but produce no necrosis of the liver or of other organs. It is well known that these substances which have been widely used for the experimental production of nephritis cause albuminuria and the formation of urinary casts. They have been selected as examples of renal poisons.
METHOD.
White rats were used because they are omnivorous and eat readily various foods offered to them. They may be obtained in large number and are readily kept in good health, so that a considerable number of animals may be used for each test. They may be maintained in good condition and breed actively upon a diet consisting almost wholly of cereal, such as oats; animals upon a diet of oats eat meat eagerly. Rabbits are forced to eat protein with much difficulty, whereas carnivorous animals resist the administration of a carbohydrate diet. The rat, of which the diet exhibits a closer resemblance to that of man, is better able to adapt itself to variations of diet than either herbivorous or carnivorous animals.
In many of the experiments rats which as stock animals had previously received a diet consisting in l~rge part of oats and bread were given during a short period either (a) carbohydrate in large part in the form of rolled oats and cane sugar in lumps, the latter being eaten in considerable quantities, (b) meat in the form of pig's heart or beefsteak, or (c) fat. The fatty diet consisted of beef fat alone fed during a period of several days before injection of the substance of which the toxicity was tested, or beef fat intimately mixed with rolled oats, or in some instances cottonseed oil administered by mouth to an.imals which were receiving the ordinary diet of oats. At the end of a period varying from three to seven days the toxic substance was administered by subcutaneous injection. In some instances the special diet was continued after administration of the toxic substance. In other instances, the special diet was discontinued, and since the period of special diet was short there was little opportunity for the harmful effect of those deficiencies in diet which are demonstrable after periods not less than from four to six weeks, in birds by neuritis and in sm~ll mammals by scurvy. The weight of each animal was recorded at the time when special diet was begun and again several days later when the toxic substance was administered. The body-weight serves as an index of the effect of the diet upon the nutrition of ~he animal.
In the following experiments dosage has been adjusted to body-weight and in each series of experiments the smallest dose has been given to the smallest animal, the dose increasing in the series with the weight of the animals.
The number of animals which have died in any group of specially dieted animals is an index of variations in toxicity referable to diet. The average duration of life of animals which have died serves as a further i~dication of variations in toxicity, subordinate in importance to the number of fatalities. Pathological changes in the internal organs have proved an additional index to the influence of diet upon the severity of intoxication.
EFFECT
OF DIET UPON THE LIVER.
Since the liver serves as a storehouse for fat and for carbohydrates in the form of glycogen, preliminary experiments have been made to determine the effect of-various diets which have been employed upon the liver of the white rat. Chalatow 4 found that sunflower-seed oil, cod liver oil, or beef fat fed to white rats produced no injurious effect. Moderate fatty infiltration of the liver was found after seven days; it persisted during two months and subse, quently diminished, disappearing at the end of about four months. We have examined the livers of white rats which have received beef fat during eight days. Fat is present throughout the tissue, but is most abundant about the central part of each lobule, where, surrounding the central vein in an area occupying approximately one half the radius from the central vein to the portal space, the cells are filled with droplets staining with Sudan III. A similar condition was found after fat diet received during five days. The livers of animals fed upon meat or oats and sugar exhibit no accumulation of visible fat. In the liver of animals fed with oats and cane sugar during five and eight days, Best's carmine stain demonstrated the presence of glycogen in large quantity; abundant throughout the lobule it is present, unlike fat, in greatest quantity in those cells which are in contact with the portal spaces.
CHLOROFORM.
In the following experiments chloroform was administered to animals which had been subjected to the diets previously enumerated. Chloroform was mixed with two parts of sterile paraffin oil, selected because it is absorbed with difficulty. A preliminary experiment showed that a dose approximately o.2 of a cubic centimeter per IOO grams of body-weight injected subcutaneously failed to kill, whereas from o. 3 to o.5 of a cubic centimeter per IOO grams killed after four days, o.6 of a cubic centimeter after two days, and o. 7 of a cubic centimeter within one day. Irregularities in the action of the poison are occasionally seen.
In the series of experiments recorded in table I animals were given during four days (I) oats and cane sugar, (2) meat (pig's heart), or (3) fat (beef fat). Two of five animals which received carbohydrates survived, whereas all of those which received meat or fat died. Differences in toxicity after different diets is further shown by the average duration of life of animals which died. All animals which had received fat died within one or two days, whereas those which received meat lived from two to four days.
Microscopic examination of the livers of animals which have died furnishes evidence that these differences in susceptibility induced by diet are associated with corresponding differences in the severity of the characteristic lesion of chloroform poisoning, namely, necrosis of the liver. Three animals which received carbohydrate diet died, but only two exhibited necrosis of the liver. In these two animals necrosis occurred immediately about the central vein and implicated an area extending from one fourth to one third the dis- Since all of the animals which received meat or fat died, it was assumed that smaller doses of chloroform might demonstrate greater differences in toxicity referable to diet. In the preceding series (table II) the special diets previously enumerated were given during six days. The smallest dose of chloroform given to animals which had received fat was 0.025 of a cubic centimeter, but in view of the foregoing experiment, the smallest doses to animals which had received carbohydrates or meat were placed at 0.05 of a cubic centimeter.
The mortality and the average duration of life of animals receiving carbohydrates, meat, or fat confirm the results obtained in the first series of experiments. Susceptibility to intoxication is greatest after a diet of f~at, less after meat, and least in animals which bare received oats and cane sugar. Two animals died after ten or eleven days; one showed disintegration and absorption of a few hepatic cells immediately about the central vein of each lobule, the other exhibited no necrosis of the liver. In both animals there was advanced nephritis with large yellow kidneys containing casts. It may be assumed that these animals did not die as the result of necrosis of the liver but in consequence of nephritis which (as in one animal of table I) progresses more slowly than the hepatic lesion. If these two animals are excluded, the influence of various diets upon the occurrence of hepatic necrosis is clearly definable, for fatal necrosis of the liver after a diet of fat has been produced by a dose of chloroform (0.05 of a cubic centimeter), one fourth of that (0.2 of a cubic centimeter) which produces the same lesion after a diet of meat, and more than one fifth of that (0.25 of a cubic centimeter -~) needed to produce the lesion after a diet of oats and sugar.
In the first series of experiments (table I) animals which received oats and sugar during four days lost no weight, those which received meat gained three grams, and those which received fat maintained their weight. In the second series of experiments (table II) animals which received oats and sugar during six days lost an average of four grams each, those on meat maintained their weight, and those on fat lost an average of fifteen grams each. Since this loss of weight indicates that fat continued during a pro-longed period is an insufficient diet, the experiment was repeated by adding fat to a carbohydrate diet. Animals received (a) oats and sugar, (b) meat alone. One group of animals received (c) beef fat inseparably ground with rolled oats; another group was fed upon (d) rolled oats and received daily one cubic centimeter of cottonseed oil administered by mouth (table III) . • = lived.
The favorable influence of a carbohydrate diet is evident. The difference in the effect of meat and of fat is less conspicuous than in the former series, doubtless for the reason that fat has been combined with carbohydrate. In this series animals which received oats and sugar gained in weight an average of six grams each; those which received meat, five grams each; those which received oats and fat, two grams each; those which received oats and cottonseed oil maintained their weight.
The experiments have shown that chloroform is more toxic to animals which have received meat or fat than to those which have received a diet composed in large part of carbohydrates. The following experiment (table IV) suggests that the toxicity of chloroform in animals which have received a mixture of meat and fat is perhaps even greater than the toxicity tested in animals which have received either meat or fat alone. Ten animals received during six days a mixture consisting of equal parts of beef fat and pig's heart. The average weight of these animals showed no material change (an average loss of two grams each). Comparison with previous experiments shows that the corresponding doses of chloroform have not caused the same uniform mortality when administered to animals upon a diet of fat or of meat alone; approximately one fifth (0.05 of a cubic centimeter) of the lethal dose for animals upon a carbohydrate diet (0.25 to 0.3 of a cubic centimeter) has caused death.
When animals have been given small doses of chloroform (0.025 to 0.25 of a cubic centimeter), those which have received a carbohydrate diet have usually survived. With larger doses (table I) differences in the extent of necrosis after carbohydrate diet on the one hand, and meat or fat on the other hand, have already been noted. No noteworthy difference between the extent of necrosis with meat and with fat has been found (fables I, II, and III). In the following experiment performed at the beginning of the present investigation an accurate record of the period of survival after administration of chloroform was not kept; histological examination of the liver in this series of experiments further demonstrates that the severity of necrosis is influenced by diet (table V). Difference in the character of the lesion noted in the two groups is even more marked than the extent of necrosis (necrosis of one fifth of liver lobules in the tables means necrosis in an area about the central vein one fifth of the distance from the central vein to the portal space). In all of the animals which received oats and sugar, necrotic cells surrounding each central vein have undergone disintegration and cell debris has disappeared wholly or in considerable part; whereas in the animals which have received a diet containing meat, hyaline cells devoid of nuclei have maintained their shape and form columns between capillaries of which the endothelium is wholly or partially preserved. With the more complete necrosis caused by chloroform after a diet of meat, necrosis is perhaps so profound that the inflammatory reaction which brings about absorption of dead cellular elements is paralyzed.
A conspicuous result of the experiments which have been described is the demonstration of the susceptibility to chloroform induced by a diet containing fat in large amount.
Fatal necrosis of the liver after a diet of fat occurs with doses which produce little effect upon animals fed with carbohydrates or meat.
Control experiments have shown that the liver of white rats fed with fat contains visible fat stainable by Sudan III, deposited in greatest abundance about the central vein of each lobule. Necrosis caused by chloroform occurs in the same situation.
In view of the readiness with which chloroform is dissolved in fat it is probable that increased fat favors the fixation of chloroform within the hepatic cells; chloroform so fixed exerts its injurious action upon the protoplasm of the cell.
In accordance with the well known theory of Meyer 5 and Overton o chloroform produces anesthesia because it is a fat solvent and is taken up by the lipoids of nervous tissue. Chloroform is distributed in the blood and in the tissues in accordance with its solubility in the substances with which it comes into contact. Wells 7 has offered the suggestion that a fatty liver might absorb more chloroform from the bIood than a normal liver.
Observations of Lattes s are noteworthy; he found that finely emulsified fat injeoted into the veins of dogs diminished more than one half the quantity of chloroform needed to produce narcosis when simultaneously injected into the vein. When fat was injected a smaller quantity of chloroform was needed to cause disappearance of reflexes, and the period during which an animal could be kept under anesthesia by a given quantity of chloroform was prolonged. Similar diminution of the dose required to produce a given result occurred when fat was given by mouth. Lattes obtained evidence that the fat which he administered absorbed chloroform, and holding it in the blood serum diminished the quantity fixed at the beginning of narcosis by the adipose tissue of the body.
The fats used in the foregoing experiments have been beef fat, which consists of olein, stearin, and palmitin, and cottonseed oil, which is in large part olein. Experiments performed by several Russian observers have shown that cholesterin and foods containing cholesterin produce profound pathological changes in rabbits. Stuckey ° noted the occurrence of arteriosclerosis in rabbits fed upon egg-yolk and brain tissue, although no lesions were found in animals which had received pure neutral fats. Chala~ow 1° fed rabbits upon egg-yolk and brain tissue and noted the accumulation of doubly refractive fat droplets demonstrable in the liver by means of Nichol's prisms. Within thirty days after Anat., 1912, ccvii, 453. the beginning of feeding, degenerative changes were found in the liver cells and there was increase of the interstitial tissue of the organ. Rabbits fed upon egg-white, cow's milk, meat juice, sunflower-seed oil, cod liver oil, and beef fat exhibited no injurious effects. Feeding of egg-yolk and brain substance to rats was followed by no accumulation of anisotropic fat in the liver and by no evidence of degenerative change in the hepatic cells. The effects of administration of the two anisotropic lipoids found in egg-yolk have been investigated. Wesselkinl~ fed pure lecithin to rabbits and obtained no evidence that it was stored in the liver. Anitschkow ~2 maintained that pure cholesterin fed to rabbits causes arteriosclerosis.
Chalatow 13 fed cholesterin to rabbits and obtained evidence that it accumulates in the liver, causing in some instances advanced cirrhosis. Anat., 1913, ccxii, 225. 12 Anitschkow, N. N., Beitr. z. path. Anat. u. z. allg. Path., I913, Ivi, 379. 18 Chalatow, S. S., Beitr. z. path. Anat. u. z. allg. Path., I913, Ivii, 85. creased toxicity to chloroform caused by a fatty diet, that food' containing cholesterin might influence the toxicity of a substance which causes an hepatic lesion. White rats fed upon brain substance have been given subcutaneously doses of chloroform similar in amount to those previously employed. The animals eat this food eagerly and at least during the period of the experiment maintain their weight. In the following experiment the effect of diets consisting of (a) oats and sugar, (b) beef fat, and (c) brain of calf have been compared. The animals have received these diets during six days (table VI) . The toxicity of chloroform has been greater in animals fed upon brain than in those fed upon fat. The average length of life of animals which received fat was more than twice as great as that of animals which received brain. Animals which received carbohydrate gained in weight an average of 4.2 grams; those which received fat gained 4.4 grams; those which received brain lost an average of 3 grams.
For comparison with the foregoing series white rats were fed during seven days with boiled egg-yolk (table VII) . Egg-yolk, which contains 35 per cent. of fat, including cholesterin and lecithin, induces toxicity equal to that found with brain substance. Animals which received egg-yolk during seven days gained in weight an average of 4.4 grams. These experiments with substances containing fat and cholesterin confirm the results obtained with beef fat and olive oil. Further experiments with pure cholesterin, given to animals receiving a sustaining diet, will be required to determine if the somewhat greater toxicity found after diets of brain and egg-yolk is referable to cholesterin.
PHOSPHORUS.
The influence of diet upon the toxicity of phosphorus was next tested because the substance exerts a selective action on the liver, producing profound injury to the cells of the organ. Fatty degeneration produced by phosphorus is not limited to the cells of the liver, for the parenchymatous cells of the kidney, heart, muscle, and other organs show a similar change. A I per cent. solution of phosphorus in oil (oleum phosphoratum) has been injected subcutaneously. The oil injected with the phosphorus is negligible for the purpose of the experiments since the lethal dose of oil of phosphorus for white rats has proved to be from 0.07 to 0.08 of a cubic centimeter per IOO grams of body-weight. Animals have been given during six days (a) oats and cane sugar, (b) pig's heart, or (c) beef fat; at the end of this time phosphorus has been injected. The special diet has been continued after administration of the substance (table  VIII) . The weight of all animals in this series is apparently much diminished after receiving special diets, the average loss for animals on oats and sugar being 8.2 grams, on meat 17.4, and on fat 16.4. It is probable that this discrepancy occurs, in large part at least, because the second weight has been taken in the morning before the animals had been fed. It is noteworthy that the susceptibility to phosphorus bears no relation to diminution in weight. All animals which have received meat have died, but it is not improbable that the death of the animal which received the smallest dose of phosphorus is referable to suppurative bronchopnenmonia. Death of one animal which received oats and sugar is perhaps in part referable to advanced pregnancy; of one animal which received fat, to bronchopneumonia with abscesses of the lungs.
In the following series of experiments beefsteak has been used in place of pig's heart given in the last series. A special diet has been given during six days and at the end of this time all animals have been allowed to eat oats freely (table IX) .
The result of this series of experiments is identical with that of the foregoing series. All of the animals which received meat have died. Susceptibility to the poison bears no relation to the effect of diet upon body-weight; animals which received carbohydrate maintained their weight, gaining an average of 1.4 grams; animals with meat have, in great part, maintained their weight, losing an average of two grams, the loss being wholly due to the loss of weight of one animal; whereas animals on a diet of fat have lost an average of nine grams.
In both series of experiments a study of the pathological changes in the livers of animals which have died gives noteworthy confirmation of the increased susceptibility to phosphorus induced by a diet of meat. In white rats phosphorus in the doses which have been employed produces fatty degeneration, which makes its appearance at the end of one or two days, and after three or four days in some instances has reached such severity that every hepatic cell is distended with fat droplets. During the first two days or even later, when the change is slight, visible fat may be found in greatest abundance in the center of each lobule ; but later, when the change is more advanced, fat is usually more abundant in the peripheral part of the lobules adjacent to the portal spaces, though occasionally fat, when in very large quantity, is equally distributed in all parts of the lobule or is scattered in irregularly disposed patches. The effect of phosphorus upon the periphery of the lobule is more conspicuous when necrosis occurs. Coagulative necrosis of the hepatic cells has been observed in only two animals which have received a carbohydrate diet; these animals have survived four days and have received doses of phosphorus equal to o.o8 of a cubic centimeter of oleum phosphoratum. In one of two instances in which necrosis occurred with a carbohydrate diet several small loci were found below the capsule of the liver; in the other instance small areas of necrosis have occurred in contact with many of the portal spaces. In these areas liver cells have lost their nuclei, the cell protoplasm is hyaline, there is hemorrhage, and polynuclear leucocytes are fairly abundant. Cells with round and oval nuclei are numerous in the portal spaces, but there is no obvious proliferation of connective tissue. Necrosis was not found in the liver of any animal which had received a diet of fat. In animals which have received meat, changes in the liver are far more profound. Rats which have lived three or four days show more intense fatty degeneration than those animals on other diets which have lived during a corresponding period, and necrosis, present in seven instances, has occurred in animals which have received from o.o5 to o.o8 of a cubic centimeter of oleum phosphoratum; in three instances necrosis has implicated from one to two fifths of the sectioned liver tissue. The tendency to localization in the periphery of the lobule in contact with the portal space is evident in every liver examined save one, but the even distribution which characterizes the relation of chloroform necrosis to the center of the lobule is absent, and loci of necrosis varying in size and shape may occur in any part of the lobule. In one instance necrotic tissue surrounded the central veins and irregular projections extended as far as the portal spaces.
Accumulation of cells occurs in the tissue of the portal spaces and varies in intensity with the severity of the hepatic lesion. In the earliest stages polynuclear leucocytes and cells of lymphoid type are numerous; at the end of four days elongated cells resembling fibroblasts may be numerous. Foci of necrotic cells in contact with a portal space are occasionally found in process of invasion and re-placement by the cells which have accumulated. In correspondence with the severity of the hepatic lesion accumulation of cells in and about the portal tissue has been more conspicuous in animals which have received meat. In one animal which lived eleven days fibroblasts are numerous in the portal tissue and form outshoots into the adjacent hepatic parenchyma, whereas within the lobules occur several loci in which young fibroblasts replace hepatic cells. Comparison with earlier lesions suggests that young connective tissue has taken the place of liver cells which have undergone necrosis and disintegration.
The effects of diet upon the toxicity of phosphorus differ from those observed with chloroform. Whereas fat has uniformly increased the toxicity of Chloroform, meat has with equal constancy increased susceptibility to phosphorus. There has been no noteworthy difference in the toxicity of phosphorus with carbohydrate and with fatty diet. The experiments suggest no obvious explanation of these differences in the effects of diet upon chloroform and phosphorus. Certain differences between chloroform and phosphorus may be cited. Chloroform produces necrosis of the center of each hepatic lobule, whereas phosphorus usually produces widespread fatty degeneration, which is more intense in the periphery of the lobule. Phosphorus is less destructive to the hepatic cell, but occasionally, when given in large dose, and almost constantly, when given to animals which have received a diet of meat, causes widespread necrosis localized especially in the periphery of the lobule. Both substances are soluble in fat, but chloroform is absorbed more readily and its toxic action on the liver is far more quickly exhibited. It is evident from the experiments that the fatty content of the liver has little influence upon the severity of the lesion which follows the slow deposition of phosphorus in the liver. ALCOHOL. Alcohol has been selected for the following experiments because it is believed to be a common cause of cirrhosis of the liver in man. Its toxicity was first tested upon white rats receiving a mixed diet consisting of oats and other substances. In this preliminary test 0.2 5 of a cubic centimeter of absolute alcohol per Ioo grams of body-weight, diluted with an equal part of water and injected subcutaneously, failed to kill, whereas doses of 0.5 and o.7 of a cubic centimeter, and I cubic centimeter were fatal. Large quantities of alcohol produced anesthesia from which the animal did not recover. I dy.
x dy.
Remarks.
Slight fatty degeneration of liver.
No noteworthy lesion found. * = lived. Remarks.
No noteworthy lesion found.
No noteworthy lesion found. * = lived.
The preceding experiments were performed under conditions similar to those present in the tests with chloroform and phosphorus. The animals were on special diets during five days (table X).
In the next series of experiments animals received special diets during six days (table XI) .
Although the experiments show that the maximum quantities of alcohol administered were sufficient to cause death they furnish no proof that the toxicity of alcohol can be influenced by the diets employed. There is no evidence that alcohol, like chloroform, causes necrosis of the liver.
